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We report the electrical and optical properties of two-component blends of electron and hole transporting materials in single and bilayer structures for organic light emitting diode ͑OLED͒ applications. The materials considered were a blue-emitting bipolar transporting polyfluorene, poly͑9,9-di-n-hexylfluorene͒ ͑DHF͒, and a hole-transporting material, poly-͓4-nhexyltriphenylamine͔ ͑HTPA͒. We compare the steady state OLED performance, transport, and optical properties of devices and describe morphology studies of the polymer films based on cross-linkable ͑x͒ blends with the analogous non-cross-linkable blends. The cross-linkable blends exhibit highest efficiency at low concentrations of the hole transporting material. At these concentrations the single layer OLEDs reach efficiencies greater than 0.1%, and are higher than for single layer x-DHF or the binary non-cross-linkable blend by more than an order of magnitude. Bilayer structures with homogeneous x-HTPA as hole transport layer show efficiencies between 0.08% and 0.96%, depending on the blend concentration in the emitting layer and on the top contact. We interpret these results in terms of the relative degree of phase segregation in the cross-linked networks versus the non-cross-linkable blends. © 2003 American Institute of Physics. ͓DOI: 10.1063/1.1599625͔
I. INTRODUCTION
Since their invention 1,2 organic electroluminescent devices have attracted strong industrial interest driven by the huge market potential of this recently developed technology. 3, 4 While small molecule based full-color electroluminescent displays are beginning to appear, 5, 6 conjugated polymer based displays-highly desirable because of their potential ease of fabrication and the relative ease of building flexible displays-still suffer from a number of limitations, including lower external quantum efficiencies, than the small molecule variety.
One of the developments leading to higher quantum efficiency in the evaporated small molecule devices is the use of multilayered structures, 2 where separated hole and electron transport layers are used to optimize injection and transport of the two signs of carrier, and to ensure that recombination occurs far from the luminescence-quenching metallic electrodes. Polymer heterostructures have also been fabricated 7, 8 by successive coating, and shown to lead to higher efficiency, but the multi-step processing has drawbacks in terms of processing time and the possibility of exposing interfaces in the partially completed device to particle contamination. As with small molecule organic light emitting diodes ͑OLEDs͒, luminescent dyes may be blended into the ͑conjugated͒ polymer to improve luminescence efficiency 9, 10 or to tune the color properties of OLEDs. 11 To avoid multiple processing steps, copolymerization of transporting and emitting moieties 8 has been explored, but this requires more complicated synthetic procedures. Processing and synthetic steps are both minimized in an actively pursued approach which aims to achieve electron-hole balance by blending two or more polymers, with different electron and hole transporting and luminescent characteristics. [12] [13] [14] [15] [16] Polymer blends have also been investigated for application to photovoltaics, [17] [18] [19] [20] [21] lasers, 22 sensors, [23] [24] [25] [26] and batteries. 27 However, polymer blends still suffer from one major drawback, namely the undesirable, and frequently uncontrollable, phase segregation of the components.
For these reasons, we have undertaken a study aimed at evaluating cross-linkable polymer blends for application in OLED devices. We use polymers similar to those of our earlier work on multilayering, where the insolubility of the cross-linked network was exploited in order to coat successive layers. 7, 8 In the case of cross-linkable polyfluorenes, it was shown that they have additional advantages with respect to non-cross-linked polymers, namely they were found to exhibit less aggregation and excimer formation than regular polymers. 28, 29 After processing, these cross-linkable polymers yield networks with high glass transition temperatures and good photoluminescence ͑PL͒ properties. In the case of blends, network formation precludes and prevents the twocomponent systems from undergoing extensive phase segregation and provides a more intimate mixing of the two components than in the absence of cross-linking. Depending on the relative kinetics and the temperature dependencies of the cross-linking reaction and polymer chain mobility, we expect to be able to control the degree of phase segregation.
The specific polymers used in this study are poly͑9,9-di-n-hexylfluorene͒ ͑DHF͒ and a poly-͓4-nhexyltriphenylamine͔ ͑HTPA͒ each terminated with 4-phenylethenyl cross-linking end groups ͑Fig. 1͒. Previous work has shown polyalkylfluorenes to transport both holes and electrons. 31 HTPA is in the class of triarylamines, which are well known as hole transport materials, and this polymeric form has been shown to form an excellent hole transporting layer. 28 The termination of the oligomers with mono-functional end groups plays two key roles in obtaining a processable material. First, the end caps allow control of molecular weight and the synthesis of oligomeric materials that are more soluble in the coating solvents. The second purpose, exemplified by the 4-phenylethenyl termini, is to provide reactive functionality that can be thermally triggered after coating into a thin film, chemically cross-linking the oligomer units and preventing further molecular diffusion which can lead to phase segregation. We designate the crosslinkable forms of DHF and HTPA as x-DHF and x-HTPA, respectively.
In this article, we compare the results from OLEDs prepared from cross-linkable blends ͑indicated as x blends͒ with the corresponding non-cross-linkable mixtures ͑indicated as n blends͒ in which the end groups are 4-butylphenyl. We also compare the performance with multilayered devices, including examples where one of the layers is itself blended.
An important aspect of the processing of blends is the understanding of preferential migration of one of the components to an interface, and any phase segregation that takes place during processing. In order to investigate this possibility, we examine the effects of different electrodes on the performance of several of the device structures. As demonstrated by Brown et al., 32 the addition of a thin layer ͑1 nm͒ of LiF between the polymer layer and the Ca provides a better electron injection into the lowest unoccupied molecular orbital level of polyfluorene. Although the mechanism for this enhancement is not completely understood ͑it is generally attributed to a lowering of the energetic barrier between the polymer and the Ca͒, we exploited this observation to determine, qualitatively, whether the blended devices are electron or hole dominated, and thus to what extent the hole transporting HTPA component may be present at the cathode interface.
We analyze the OLED properties as a function of blended materials ͑cross-linked or non-cross-linked͒, HTPA concentration, the presence of an additional hole transport layer, and the nature of the cathode contact. We will demonstrate that single layer OLED based on blends of cross-linked networks are more efficient than devices based on the same noncross-linkable blends. However, the use of cross-linkable networks was found to be not so effective as two-step multilayering in raising the efficiency of two-component OLEDs.
II. EXPERIMENT

A. Material preparation and synthesis
The
Yamamoto coupling reagent bis͑1,5-cyclooctadiene͒nickel͑0͒ was purchased from Strem and handled under inert atmosphere. The solvents were dried according to standard procedures. 33 All other materials were purchased from Aldrich and used as received. All reactions were carried out under an argon atmosphere.
The synthesis of the reactive oligomer, x-DHF ͓see chemical structure in Fig. 1͑a͔͒ , was preformed as previously described. 29 The reaction involved the nickel͑0͒-mediated Yamamoto polymerization 34 of 2,7-dibromo-9,9,-di-nhexylfluorene in the presence of 4-bromostyrene. The hole transport layer ͑HTL͒ oligomer, x-HTPA, was prepared in a similar fashion, except using bis͑4-bromophenyl͒-͑4-nhexylphenyl amine͒ as the monomer ͓see Figs. 1͑b͒ and 1͑c͔͒. 8 The amount of 4-bromostyrene was kept constant in all the polymerization reactions ͑15 mol % based on the dibromomoner͒. This stoichiometry of terminating reagent would result in a linear oligomer with a molecular weight of approximately 7000 g/mol in the polymerization of 2,7-dibromofluorenes.
The molecular weights of all of the oligomers used were determined using gel permeation chromatography ͑GPC͒, referred to polystyrene standards, which are well known to lead to an overestimate of the molecular weights of rigid-rod FIG. 1. The chemical structure of the poly͑9,9-di-n-hexylfluorene͒ ͑DHF͒ ͑a͒ and of the poly-͓͑4-n-hexyltriphenyl͒amine͔ ͑HTPA͒ ͑b͒. The R indicates the termination, in the case of the cross-linkable materials ͑a͒ and ͑b͒ are styrene terminated while for noncross-linkable the polymers are t-butyl phenyl terminated. The material synthesis and x-HTPA structure are indicated in ͑c͒.
polymers. 35 Thus the numbers quoted in the following should be viewed as upper limits. Oligomeric materials with molecular weights Ͻ10 000 g/mol were found to be soluble up to concentrations of at least 10 mg/ml and to yield ͑ho-mopolymer͒ films of good optical quality. For the studies reported here, the x-HTPA had a number average molecular weight ͑Mn͒ of 3.9 K and a polydispersity ͑PDI͒ of 1.4. The other polymers had the following molecular weight characteristics: x-DHF ͑Mnϭ3.7 K,PDIϭ2͒; n-HTPA ͑Mnϭ6.6 K,PDIϭ2͒, and n-DHF ͑Mnϭ4.7 K,PDIϭ1.9͒.
The non-cross-linkable oligomers for the hole transport layer ͑HTL͒, namely n-HTPA, 8 and emitter layer, n-DHF, 29 were each terminated by reaction with 1-bromo-4-tertbutylbenzene. The blends were prepared by mixing the HTPA oligomers and DHF oligomers in high-purified xylene in nitrogen environment and the various percentages of the materials mixtures are calculated by weight.
B. Instrumentation
Polymer molecular weights were determined using a Waters gel permeation chromatograph ͑GPC͒ instrument ͑Waters PLgel columns: 10 4 , 10 3 , 500, 100 Å, Waters 410 Differential Refractometer͒ calibrated with polystyrene standards ͑Polysciences, Inc.͒. The optical absorption of the polymers was obtained with a Perkin-Elmer Lambda-9 spectrometer. Photoluminescence spectra were acquired with a Spex-Yves-Jobin FL3-11 spectrofluorimeter. Atomic force microscopy ͑AFM͒ images of the film surfaces were obtained using a Digital Instruments Dimension 3100 Scanning Probe Microscope. Images were acquired in the AFM tapping mode under standard conditions. Electroluminescence spectra were taken using a 1/4 m Czerny-Turner spectrometer ͑Jarrell-Ash Model 1453͒ coupled to a linear photodiode array ͑EG&G Model 1461͒. Current-voltage and light output voltage were measured simultaneously with a Keithley 238 Source Measure Unit and a calibrated silicon photodiode in an integrating sphere ͑Optronic Laboratories, Inc., Radiometer Model OL 730C͒.
C. Device and other sample preparation
Procedures followed for OLED device fabrication were similar to those described in Ref. 28 . In all cases, a glass substrate, 1 in. square with pre-patterned indium tin oxide ͑ITO͒, is used. The ITO was treated with oxygen plasma for 45 min to clean it and remove organic residues. A hole injecting layer of poly͑ethylenedioxythiophene͒ doped with sulfonated polystryrene ͑commonly called PEDOT and obtained from Bayer Corp. as Baytron-P͒ was coated on the ITO to form the anode contact. Aqueous PEDOT solution was spun in air and dried for 1 h in an oven at 125°C with nitrogen flow. Single and bilayer structures were prepared using various combinations of x and n blends, and cathodes, as summarized in Table I . Blend concentrations were varied from 0% to 90% by weight ͑x-or n-͒HTPA.
Details of the sample preparation differ depending on the layer structure and intended measurement. For the diode structures, the polymer layers were spin coated in a dry nitrogen environment from a solution of approximately 10% by weight solids in highly purified mixed xylenes for 60 s. Different spin speeds were used to control the thickness to, nominally, 50 nm for single layer devices and 35 nm for each layer of the two-layer devices. Solvent removal and crosslinking were induced by treatment at 150°C for 45 min. The non-cross-linked polymers were subjected to the same thermal treatment. Prior to evaporating the cathode, the samples were put into a vacuum chamber for 12 h at a pressure of 10 Ϫ7 Torr. The thickness of all layers in the cathode ͑LiF, Ca, and Al͒ was controlled with a quartz crystal monitor. The LiF layer was 1 nm thick and the Ca above it was 10 nm. In the absence of LiF a thicker layer of Ca ͑30 nm͒ was used. By using a shadow mask during cathode deposition, the active area of each diode was defined at 3ϫ1 mm 2 and six nominally identical diodes were made on each substrate. In all the devices, 30 nm of Al was used as a top protective layer. Fabrication and characterization of all devices were performed inside the glovebox.
Samples for AFM studies were prepared by spin coating onto polished silicon wafers from solutions of the same con- centration as used for the devices ͑10 mg/ml in xylenes͒. The wafers were heated to 150°C for 1 h under N 2 to facilitate solvent removal and curing. The films had a nominal thickness of 75 nm. For thin-film optical studies the polymers were spin coated onto clean quartz substrates. In the final step of cleaning the quartz was treated with oxygen plasma. Films were spun under the same oxygen-free conditions as the diodes, at a spin speed of 1000 rpm to yield films approximately 55 nm thick. They were then cured ͑45 min at 150°C͒ and transferred in air to perform the spectroscopic measurements.
III. RESULTS AND DISCUSSION
A. Film morphology
The visual appearance of all of the non-cross-linked blends showed gross phase separation, as would be expected for a blend of two dissimilar polymers. The films were visually hazy and optical microscopy confirmed the presence of large domains 10's of microns in size. Films of the crosslinked blends did not scatter light and no macrophase separated domains were observed by optical microscopy. We would expect a nanophase morphology similar to that found with block copolymers. 36 AFM analysis ͑see Fig. 2͒ of the films revealed that the surface roughness increases dramatically when going from non-cross-linked blends to the crosslinked blends. The single layer non-cross-linked blend sample had a surface roughness of 4.59 nm rms where its cross-linkable counterpart had a roughness of 0.95 nm rms. In the case of the double layer films, the roughness of the non-cross-linked and cross-linked samples is very similar, 1.78 and 1.45 nm, respectively. This smaller difference in surface roughness may be explained by the effect of the underlying x-HTPA layer on the morphology of the blended layer: surface energy minimization will drive the x-HTPA component of the blend towards the lower interface, 37, 38 yielding a stratified rather than island morphology.
As described by Benhamou, Derouiche, and Bettachy, 39 before spinning and heating the polymer chains of the two chemical species are in a homogeneous solution phase, which is more or less preserved in the film as it dries. However, the equilibrium morphology of dissimilar polymers is to phase segregate. Heating the polymer film, in the presence of residual solvent, enhances the kinetics of the segregation process, but in the case of the cross-linkable blends, it competed with the cross-linking reaction. The resulting domain structure reflects the relative rates of segregation and crosslinking.
B. Optical studies
The optical properties of the blended materials were examined using absorption, photoluminescence ͑PL͒ emission, and PL excitation spectroscopies. In Fig. 3 , we compare the normalized absorption spectra of 10% x blend and 10% n blend. The most striking difference is that the n blend has a more prominent shoulder ͑at about 410 nm͒ than the x blend. Figure 4 shows the photoluminescence spectra of the two films under excitation at 380 nm. The n blend exhibits reduced intensity at the short wavelength peak ͑ϳ420 nm͒ and relatively higher intensity in the third peak ͑470 nm͒. This 
FIG. 4.
Photoluminescence emission spectra for the polymer blends at 10% HTPA concentration, for excitation at 380 nm. The solid line indicates the spectrum for the x blend and the dashed that of the n blend. Both films were treated under the same curing conditions ͑150°C for 45 min͒. For the n blend the short wavelength peak intensity is reduced due to self-absorption. effect may be attributed to differences in self-absorption due to the long-wavelength shoulder in the absorption spectrum of the n-blend film.
To understand the nature of the enhanced absorption at the long wavelength edge of the n-blend film, we study the excitation spectra of both polymer films for an emission at 450 nm, as seen in Fig. 5 . The spectrum of the n blend displays a peak at 425 nm that is not present for the other x-blend film. This behavior is a clear signature of aggregation, 40 and is entirely consistent with the phasesegregated morphology discussed in the preceding section.
The primary differences in the electroluminescent spectra of the various devices ͑Fig. 6͒ lie in the relative intensities of the first and second vibrational peaks. In the case of the non-cross-linkable bilayer device, the two peaks are of nearly comparable intensity. Similar variations have been seen 31 in simple bilayer HTPA/DHF devices as a function of HTPA thickness, and attributed to microcavity effects. Therefore we assert that in the bilayer structure with the n blend, the HTPA phase tends to segregate towards the interface with the hole-transport layer, effectively thickening it and shifting the location of the recombination zone relative to the electrodes.
In single layer devices, the spectra ͑not shown͒ do not vary in shape significantly with concentration or nature of the top contact. The position of the shorter wavelength peak changes with the concentration, and in particular it is more blueshifted for higher concentrations of the x-HTPA indicating that significant recombination is occurring in the hole transporting material. This is also confirmed by the increased intensity of the 600 nm peak typical of excimer emission in x-HTPA.
C. Electrical studies
In this work the single layer x-DHF device represents a ''reference'' sample, against which one can compare the effects of blending, layering, and the electrode modification. Therefore it is important to understand the limitations on the performance of this device. The current density in the single layer x-DHF sample is well below the space-charge limit expected based on measured values of both hole 41 and electron 42 mobility. Therefore we may conclude that both electrodes are injection limited. In the case of the anode, this is clearly a consequence of the barrier height which can be estimated as the difference between the ionization potential of polyfluorene ͑5.8 eV͒ and the work function of PEDOT ͑5.1 eV͒, namely 0.7 eV. The situation with the cathode, however, is less clear. Merely subtracting the optical gap ͑2.9 eV͒ from the ionization potential would yield an estimate of the electron affinity at 2.9 eV, which is well matched to the work function of calcium and would therefore lead to ohmic injection. One must therefore conclude that either there is a significant exciton binding energy in DHF ͑Ͼ0.4 eV͒ or that an insulating barrier layer forms by reaction between Ca and the polymer.
The injection-limited nature of both electrodes places the single layer PEDOT/x-DHF/Ca device in the regime where the recombination efficiency is proportional to the product of electron and hole currents. 43 Therefore an increase in the injection rate of either electrons at the cathode or holes at the anode will result in an improvement in efficiency. It is important to realize that most of the other devices studied in this work are not in this ''doubly injection-limited regime'' and must be described in terms of the balance of bipolar currents. 44, 45 With the behavior of the single layer homogeneous polymer in mind, we now turn to the effects of blend concentration, cross-linking ͑x or n blend͒ and top contact ͑Ca or LiF/ Ca͒ upon OLED device performance. These were determined by measuring the current-voltage-luminance behavior of the devices listed in Table I . First, consider single layer structure representative results which are shown in Fig. 7 . The derived quantum efficiencies for all single layer devices are plotted in Fig. 8 .
In Fig. 7 , the current density and the radiance are shown on a semilogarithmic scale as a function of the voltage for selected devices that showed the most interesting features. All samples in the figure have the same nominal thickness FIG. 5 . Photoluminescence excitation spectra for the polymer blends at 10% HTPA concentration, monitored at an emission wavelength of 450 nm. The n blend ͑dotted line͒ shows the presence of a peak at 425 nm that is not present in the spectrum of the x blend ͑solid line͒.
FIG. 6. Normalized electroluminescence spectra of 10% blend films in the double ͑closed symbols͒ and single ͑open symbols͒ layer devices. The spectra represent devices using the 10% n-blend ͑squares͒ and 10% x-blend ͑circles͒ solutions.
͑50 nm͒. With the Ca cathode, we compare the behavior of the blends with that of a regular single x-DHF layer diode ͑i.e., 0% HTPA concentration.͒. The 10% x-blend device has a higher leakage current than the corresponding noncrosslinkable one and therefore lower rectification ratio. The current density itself is smaller above the threshold potential. However, the radiance increases more rapidly and is greater than that for the n-blend device by a factor of 2. As a result, for the cross-linkable 10% blend we obtain better recombination efficiency, due to a better balance of electrons and holes injection. The external quantum efficiency is one order of magnitude higher than for the n blend as reported later in the efficiency studies. The single layer x-DHF diode has the lowest rectification ratio and the highest current density with no improved radiance.
In Fig. 8 , we summarize the efficiency results for the single layer devices of Table I as a function of concentration on a semilogarithmic scale. The effects of cross-linking and cathode are also shown. First compare the effect of the blend concentration on the external quantum efficiency of the different single layer structures fabricated. The efficiency is maximum near 0.4% at about 10% x-HTPA. This is approximately two orders of magnitude higher than that for the neat x-DHF device and one order of magnitude higher than the case for the n-blend of the same concentration.
Next we examine the effects of different cathodes, namely the introduction of a thin LiF layer below the Ca/Al metallization. For the n blend, the radiance is an order of magnitude higher than for the device with only Ca. On the other hand, the current did not rise proportionally, and the result is a better quantum efficiency. A similar improvement is obtained in the efficiency of the single layer x-DHF device, but in this case it is due to a lowering of the current density for the same output radiance. For the x-blend/LiF devices, the efficiency is slightly decreased for 10% x-HTPA, but significantly increased for 20%. Thus we conclude that the optimum concentration reflects the relative injection of anode and cathode: to compensate for increased electron injection with LiF, it is necessary to improve hole injection and transport by adding more x-HTPA to the blend.
The effect of cross-linking is revealed by comparing the data for the cross-linked with the noncross-linked blends at 10%. The n blend shows considerably lower efficiency, especially with the Ca cathode. Our interpretation is based on the observation in the AFM images that in the x blend the microdomains of x-HTPA and x-DHF are more intimately mixed. It is possible that in the n blends the coarser phase segregation results in HTPA hole-transporting domains which bridge directly from anode to cathode, and yields a lower probability of recombination. In addition, HTPA may segregate as islands at the top interface where it can partially block electron injection. In either case the better electron injection of the LiF/Ca cathode results in higher efficiency.
In order to obtain a more complete picture of the relative roles of blending, cross-linking, and injection we next consider several bilayer devices, which include a separate hole transporting layer of x-HTPA adjacent to the anode. In Fig. 9 we show the logarithm of the current density and of the radiance as a function of the voltage for four devices with Table II and compared with those of the 10% and 0% ͑pure x-DHF) single layer devices. The efficiency results are strongly dependent on the nature of the emission material and on the nature of the cathode contact, varying from extremely low values (10 Ϫ3 %) to high values ͑0.96%͒ depending if we are considering single or double layer structures, and cross-linked or non-cross-linked layers.
We interpret the results in Table II again in the context of charge balance 45 and phase segregation. With Ca as the cathode, the bilayer devices are all more efficient than their single layer counterparts. The HTL ensures a good supply of holes and also acts as an electron-blocking layer. Thus, bilayering is most effective for the n-blend ͑device G͒ and unblended DHF ͑J͒, which are doubly injection limited as single layers. By improving the hole injection with the HTL ͑L and N͒ or the electron injection with LiF at the cathode ͑H and K͒ significant increase in efficiency is obtained. Conversely, for the most balanced single layer device, the 10% x blend ͑E͒, enhancing electron injection with LiF, lowers the efficiency ͑device F͒. Adding a HTL ͑M͒ increases the efficiency, most likely due to a shift in the recombination zone. The charge balance is already good, and improved electron injection ͑O͒ lowers the efficiency.
IV. CONCLUSIONS
In conclusion, we have demonstrated the changes in external quantum efficiency that occur as a result of blending hole-transporting HTPA into DHF, altering the morphology by cross-linking, and modifying the relative injection efficiencies of the electrodes. By comparing the performance of these devices with that of a single layer x-DHF OLED, we can summarize the conditions for optimization of single layer and double layer structures.
With the understanding that the single layer x-DHF OLED is doubly injection limited, it is clear that enhancing the injection of either carrier improves the quantum efficiency. In the case of blending with x-HTPA, hole injection is enhanced and the efficiency increases by two orders of magnitude for just 10% of the hole transport material. It is very likely that in the blended systems, electron injection is also enhanced because of the increase in electric field at the cathode. Above 10% HTPA, the behavior is hole dominated, and further addition of x-HTPA increases the current, but reduces the efficiency. Cross-linkable blends are more efficient than non-cross-linked ones, and we have argued on the basis of morphological evidence that this is due to the more intimate mixing of the former.
Bilayer devices, with an x-HTPA transport layer adjacent to the anode, provide an alternative means to enhance the hole injection. In this case, the layered structure also provides for better carrier blocking at the HTL-ETL ͑electron transporting layer͒ interface and ensures that recombination takes place near this interface. As a result the quantum efficiency is higher than for any of the blended systems. For these bilayered structures, blending of the ETL with the hole transporter has a relatively minor effect. In the case of the n blend, the most important contribution to improved efficiency may be due to the increased thickness of the HTL as the HTPA component segregates to the polymer-polymer interface.
The effect of layering provides an alternative explanation for the increase in efficiency of the single layer n-blend systems relative to homogeneous DHF. It is possible that the observed phase segregation leads to islands of HTPA at the anode interface, creating an incomplete hole transport layer and improving charge balance, but only in limited areas. We have no microscopic evidence for this picture, but this is a plausible morphology, based on the higher surface energy of HTPA compared to DHF.
It is well established that a thin layer of LiF at the cathode interface can enhance electron injection. This improves the charge balance in the devices which are hole dominated, namely the higher concentration blends and the bilayer structures. The doubly limited DHF device also shows improved efficiency with better electron injection, but the devices which are electron dominated, or near balance like the 10% x blend, have reduced efficiency.
In summary, we have shown how blending, and the morphological changes associated with blending, can be used to improve the performance of single layer polymer OLEDs. Cross-linked blends are considerably better than non-crosslinked. However, the efficiencies achieved do not exceed those of bilayer structures. Therefore blending of crosslinkable polymers may be viewed as an inexpensive means to improve the efficiency of single layer OLEDs. It will be interesting to evaluate the performance of photovoltaic devices fabricated with cross-linked blends. 
